Background: Exposure to particulate matter (PM) is increasing worldwide as a result of increased human activity, the rapid industrialization of developing countries, and effects of climate change. Adverse effects of PM on human health are well documented, and because PM exposure occurs mostly through the airways, PM has especially deleterious impact on the lungs. Objective: We investigated whether surrogate PM particles like carbon black (CB), diesel exhaust particle (DEP), coal fly ash (CFA) can recapitulate the allergic airway inflammatory response induced by urban particulate matter. Methods: We compared the pro-inflammatory potential of urban PM collected from New York (NYC) and Baltimore (Balt) with CB, DEP and CFA surrogate PM particles. Eight to ten weeks old BALB/cJ mice were exposed through the airways to particulate material, and markers of airway inflammation were determined. Specifically, we assessed cellular influx, mucus production, lung function, cytokine levels as well as immune cell profiling of the lungs. Results: Herein, we demonstrate that exposure to equivalent mass of stand-alone surrogate PM particles like CB, DEP and CFA, fails to induce significant airway inflammatory response seen after similar exposure to urban PMs. Specifically, we observe that PM collected from New York (NYC) and Baltimore city (Balt) triggers a mixed Th2/ Th17 response accompanied by eosinophilic and neutrophilic influx, mucus production and airway hyperresponsiveness (AHR). Although the immune profile of NYC and Baltimore PMs are similar, they demonstrate considerable differences in their potency. Baltimore PM induced more robust airway inflammation, AHR, and Th2 cytokine production, possibly due to the greater metal content in Baltimore PM. Conclusions: Urban particulate matter with its unique physiochemical properties and heterogeneous composition elicits a mixed Th2/Th17 allergic airway response that is not seen after similar exposures to surrogate PM particles.
2016).
Many sources of PM have been used as surrogates for the study of ambient urban particulate matter. As carbon is the primary component of various forms of particulate matter, numerous studies have used fine (0.1-1 µm) and ultrafine (< 0.1 µm) carbon black to study the effect of PM on biological functions (Bennett et al., 2012; Gilmour et al., 2004; Oberdorster et al., 1992; Ohtsuka et al., 2000; Saputra et al., 2014) . While carbon particles can impair macrophage function (Renwick et al., 2004) , facilitate cytokine secretion and airway inflammation (Gilmour et al., 2004; Shwe et al., 2005) , carbon black is devoid of the organic and inorganic components of typical urban PM.
Recognizing these limitations, several investigators have used more complex chemical mixtures, such as diesel exhaust particles (DEP) or coal fly ash (CFA), which contribute to the complex make-up of urbancollected PM (Karimi et al., 2015; Laden et al., 2000; Veronesi et al., 2002) . Indeed, several investigators report significant lung inflammation in response to airway exposure to DEP and fly ash Brandt et al., 2015; Smith et al., 2006) . Although DEP and fly ash contain metals, sulfates, nitrates, and polyaromatic hydrocarbons in addition to carbon (Cassee et al., 2013; Laden et al., 2000) , DEP and CFA do not completely recapitulate the complex mixture of urban PM and do not trigger the entirety of allergic airway responses seen with urban PM, including eosinophilic influx, and the development of airway hyperresponsiveness (AHR) (Walters et al., 2001 (Walters et al., , 2002 .
Apart from chemical constituents, biological contaminants (aeroallergens, endotoxin, mold) are another important and dominant constituent of PM collected from urban centers (Frohlich-Nowoisky et al., 2009; Morakinyo et al., 2016) . While the identity of the essential components of urban PM that mediate the potent inflammatory properties remain unclear, studies have identified several immune processes as mediators of PM-induced inflammation. For example, numerous reports demonstrate that exposure to ambient urban PM potentiates innate immune activation, and downstream recruitment of various types of leukocytes, which results in a mixed immune response. In addition, innate sensing of PM by epithelial cells and dendritic cells has been shown to produce a battery of immune modulating mediators that shape the downstream inflammatory and pathologic responses.
A number of different types of airborne particles, including carbon black (CB), coal fly ash (CFA) and diesel exhaust particles (DEP), are common constituents of urban PM and are often used in studies to investigate health effects of PM. It is unknown, however, whether such types of particles can effectively mimic the pathobiological effects mediated by urban PM and thus act as surrogates to urban PM in laboratory studies. To address this, we have used PM collected from New York city and Baltimore city as well as CB, DEP and CFA. Here, we demonstrate that repeated exposure to urban PM drives lung inflammation and impairs lung function, and that these effects are not mediated by the sole action of major constituents of PM like CB, DEP and CFA.
Materials and methods

Particulate matter
Carbon black was obtained from Cabot Corp (Hamade et al., 2008) . Baltimore ambient particulate matter (Balt) was collected in urban Baltimore during the fall of 2012, using a modified high-volume cyclone system that collects particles between 0.3 and 10 µm aerodynamic diameter when operated at a flow rate of 1 m 3 /min (London et al., 2016) . NYC PM was collected from Queens, New York between December 2009 to January 2010 using the fine fraction (0.3-3 µm) bulk PM collected with a high volume sequential cyclone system operated at 1 m 3 /min (Han et al., 2012; Rule et al., 2010) . Diesel Exhaust Particles (DEP) (Standard Reference Material 1650b) was purchased from the National Institute for Standards and Technology (NIST). SRM 1650b particulate material was collected from the heat exchangers of a dilution tube facility following 200 engine hours of particle accumulation and represents diesel exhaust from heavy duty vehicles. Coal fly ash was purchased from Brandon Shores Unit power plant, Baltimore. Particles were resuspended in PBS at 10 mg/ml. The physical characteristics of PM are summarized in Table 1 and metal content of urban PMs are outlined in Supplementary Table 1.
Mice and PM exposures
Male BALB/cJ and C57BL/6 mice (8-10 weeks) were purchased from Jackson and housed in the Johns Hopkins School of Public Health animal facility. Mice were provided autoclaved food (Lab diet 5010) and water ad libitum. Mice were anesthetized with isoflurane and given 400 µg PM (40 μl) intranasally on days 0, 3, 6, 9 and 12 (van Voorhis et al., 2013) . All procedures were approved by the Animal Care and Use Committee of Johns Hopkins University. N. Gour et al. Environmental Research 161 (2018) 304-313 
Airway measurements
Briefly, 48 h after the last PM exposure, mice were anesthetized by i.p. administration of ketamine/xylazine and tracheotomized before insertion of an 18-gauge cannula into the trachea. Mice were paralyzed with suxamethonium chloride (3 mg/kg), intubated and respirated at a rate of 120 breaths per minute with a constant tidal volume (0.2 ml). After a stable baseline was achieved, mice were exposed to 30 mg/ml nebulized methacholine (Sigma). After 10 s, dynamic airway pressure (cm H 2 0×s) was recorded for 3 min. Following airway reactivity measurements, BAL fluid, and lungs were collected, and processed as previously described (Lajoie et al., 2010; Lewkowich et al., 2008) .
Bronchoalveolar lavage fluid (BAL) collection and cell count
The lungs were lavaged using 1 ml of sterile HBBS to collect all the inflammatory cells in the BAL fluid. Total cells were stained with AccuStain and counted via the ADAM-MC automated cell counter (Digital Bio) (Sussan et al., 2015) . Differential cell counts were performed on cytospin preps stained with Diff-Quik stain and determined based on standard cytological criteria.
Cytokine ELISAs
Mouse lung cells were obtained by digestion of lung tissue with 0.05 mg/ml Liberase TL (Roche) and 0.5 mg/ml DNaseI (Sigma) for 45 min at 37°C in 5% CO 2 . Digested tissue was filtered through a 70-µm nylon mesh (BD Biosciences) and centrifuged. Pellet was resuspended in red blood cell lysis buffer (ACK lysis buffer). Recovered cells were counted (trypan blue exclusion) and plated in a 96-well flat bottom tissue culture plate. Cells were re-stimulated with 4 µg/ml concanavalin A (Sigma) for 3 days. IL-5, IL-13, IL-17A, and IFNγ levels were measured using ELISA DuoSets (R&D Systems) (Lajoie et al., 2010 ).
Histological analysis of the lung sections
To assess the effects of particulate matter on overall inflammation in the lungs and mucus production from the airway epithelial cells, lungs were excised and fixed in 10% neutral buffered formalin, processed, paraffin embedded and sectioned. Sections were stained with Hematoxylin and Eosin (H&E) or Periodic Acid Schiff (PAS). Slides were read in a blinded fashion and scored according to the following scale: 0, no inflammation; 1+, peri-bronchial lymphocytic inflammation, size < 20 µm; 2+, peri-bronchial lymphocytic inflammation, size < 50 µm; 3+, peri-bronchial and alveolar inflammation, size < 100 µm; 4+, peri-bronchial and alveolar inflammation, size > 100 µm.
For quantifying mucus producing airway epithelial cells, % of PASpositive cells in the left lobe of the lung were determined using a light microscope. Results are presented as mean + SE for 3-4 mice per group.
Real time RT-PCR
Total RNA was extracted from lung tissue using TRIzol RNA isolation reagent (Invitrogen). The reverse transcription reaction was performed using a high capacity cDNA synthesis kit (Applied Biosystems). Quantitative PCR analyses of mouse genes were performed by using assay-on-demand primers and probe sets (Applied Biosystems) (Singh et al., 2006) . Actb (β-actin) was used for normalization.
Flow cytometry analysis
Mouse lung cells were prepared as above. Cells were plated at 4 × 10 6 cells/ml and either stained directly (myeloid) or stimulated (lymphoid) with phorbol 12-myristate 13-acetate (PMA, 50 ng/ml) and ionomycin (1 µg/ml) for 16 h, then brefeldin A and monensin (eBioscience) were added for the last 3-4 h (Lajoie et al., 2010) . Cells were filtered using a 40-µm nylon mesh ( 
Statistical analysis
We determined differences between multiple groups using ANOVA, followed by Dunnett's multiple comparison test or Kruskall-Wallis followed by Dunn's multiple comparison test. Significance was assumed at p < 0.05.
Results
Exposure to urban PM induces a mixed eosinophilic/neutrophilic response
To determine the patterns and magnitudes of inflammatory pulmonary response after exposure to urban PM collected from sites in New York (NYC) and Baltimore city (Balt), and to surrogate PMs (CB, FA and DEP), mice were exposed intranasally to various PM preparations as described above. All PM exposure induced accumulation of inflammatory cells in the BAL fluid, as compared to PBS-treated mice, with urban PM-exposed mice displaying markedly higher levels of inflammatory cells compared to mice exposed to surrogate PMs (Fig. 1A) . This result is consistent with other studies showing that various types of PM can induce variable levels of airway inflammation. Also, consistent with other reports (Saunders et al., 2010) , we noted that PM is a strong inducer of BAL macrophages and neutrophilia (Fig. 1B-C) . Remarkably, urban PM as well as surrogate PM particles caused similar inductions of neutrophils.
Next, we assessed the effect of PM exposure on eosinophil accumulation in the lungs, a distinctive feature of type 2 immune responses. In contrast to the similar induction of neutrophils seen after exposures to all types of PM tested, we noted that urban PMs cause substantial eosinophil accumulations in lungs of BALB/c mice (Fig. 1D) , as measured by cell counts in the BAL. On the other hand, exposures to CB, CFA or DEP did not induce eosinophils in either BALB/c (Fig. 1D ). Our findings, suggest that exposures to different types of PM lead to both conserved physiological responses, such as neutrophilia, as well as different cellular responses, such as eosinophil accumulations seen after exposure to urban PM (Fig. 1E) . Moreover, our data demonstrates that exposure to CB, FA and DEP surrogate PMs cannot completely recapitulate the complex immune response seen after exposure to urban PM.
Urban PM exposure induces a mixed effector cytokine response
We next evaluated the nature of effector cytokines that are induced in lungs by exposure to urban PM and tested whether surrogate PMs are equally potent in modulating the expression of these effector cytokines. First, we measured IL-5, a cytokine central in driving eosinophilic airway inflammation. Consistent with our findings of increased eosinophils in urban PM exposed BAL fluid, we observed elevated IL-5 secretion in the lungs of NYC and Baltimore PM-exposed animals ( Fig. 2A) . Remarkably, exposure to CB, FA and DEP also induced IL-5, although we failed to observe eosinophil recruitment in these mice.
We also measured IL-13, a central mediator of asthma pathogenesis (Wills-Karp et al., 1998) , and found that this key Th2 cytokine is significantly and selectively induced by urban PM in lungs (Fig. 2B) , with our sample of Baltimore PM inducing substantially more IL-13 than NYC PM. Notably, CB, FA and DEP exposures had no effect on IL-13 production in our experiments, suggesting that unlike urban PMs, these particles have limited potential to drive aberrant type 2 responses and subsequent allergic airway inflammation. By driving the secretion of the Th1 cytokine IFNγ (Fig. 2C) , urban PM responses are in contrast to those seen after exposures to allergens such as dust mite, molds, cockroach, pollen or dander, where Th1 responses are either repressed or un-induced. CB and DEP also induce increases in IFNγ levels although of lower magnitude than that seen after exposure to urban PM.
Recent publications have reported the importance of PM-induced IL-17A in exacerbating allergen-induced asthma van Voorhis et al., 2013) . We therefore sought to determine whether various sources of PM or surrogate particles have differential IL-17A-inducing properties. Interestingly, we observed that NYC and Baltimore PM are potent inducers of IL-17A expression (Fig. 2D) , suggesting that this cytokine might play a role in driving airway inflammation to these urban PMs. In contrast to previous reports that found small but statistically significant induction of IL-17A by DEP (Brandt et al., , 2015 , exposures to CFA and DEP in our experiments failed to induce IL-17A and CB induced only marginal secretion of IL-17A in the lungs. Consistent with the cytokine protein data, we also detected similar Il5 and Il13 expression patterns in the whole lung, whereas expression of Il4 did not change across the different treatment groups (Supplementary Fig. 1 ). Thus, urban PM leads to a mixed Th1/Th2/ Th17 immune response, consistent with previous reports, and while different urban PMs show similar patterns of immune activation, variation in their composition also leads to different potencies in driving Th2 and Th17 cytokines. Moreover, we demonstrate that the IL-13-and IL-17A-driving constituents of urban PM are not found in CB, FA or DEP surrogate particles. Similar induction of Il5 and Il13 mRNA was observed in urban PM exposed lungs from C57BL/6 mice ( Supplementary  Fig. 2 ).
CD4+ T and NK cells are the primary source of PM-induced cytokines in the lungs
As we observe that PM induces cytokines in the lungs, we next sought to determine the nature of cytokine-secreting cells. The numbers of total CD4+ T cells remained largely unchanged after exposure to PM, with only the Baltimore PM-exposed group showing an increase in numbers of CD4+ T cells over PBS-treated mice (Fig. 3A) . While PM exposure had no effect on Th1 (IFNγ+CD4+) cells (Fig. 3B ), NYC and Baltimore PM exposures led to significant accumulation of Th17 cells (Fig. 3C) . However, consistent with our IL-17A data, we observed that CB, DEP and CFA do not promote Th17 (IL-17A+CD4+) recruitment. Also, we do not observe the presence of double positive IFNg+IL-17A + CD4+ T cells after PM exposure (Supplementary Fig. 3 ). Urban PM from NYC and Baltimore similarly induced an IL-17A-dominant response in C57BL/6 lungs whereas CB, DEP, CFA exposure induced minimal changes ( Supplementary Fig. 4 ) While some investigators have observed an influx of CD8+ T cells in the lungs after PM exposure (Deiuliis et al.), we fail to see increased numbers of either total CD8+, IFNg+CD8+ or IL-17A+CD8+ T cells after PM exposure (Supplementary Fig. 5 ). In contrast to CD4+ or CD8+ T cells, the recruitment of NK cells into the lungs induced by NYC and Baltimore PM was greater than that seen by PBS, CB, DEP and CFA (Fig. 3D) . Similarly, the numbers IFNγ+NK cells in the lungs of animals exposed to urban PM were greater than lungs of animals exposed to PBS, DEP or CFA (Fig. 3E) . Interestingly, the increases in levels of IFNγ in the lungs after PM exposure are not accompanied by increases in IFNγ+CD4+ cells or in IFNγ+CD8+ cells (Fig. 3B and Supplementary Fig. 5 ), suggesting NK cells as the main source of IFNγ in lungs exposed to urban PM.
In addition to T cells, NK cells can also secrete IL-17A, however, only Baltimore urban PM significantly induced IL-17A+NK cells in the BALB/cJ lungs as compared to PBS (Fig. 3F) . Still, the numbers of urban PM-recruited IL-17A+NK cells were several fold lower than that of IL-17A+CD4+ cells, suggesting that CD4+ T cells are likely the primary source of PM-induced IL-17A. Similar to our observation with BALB/cJ strain, we observed increased IL-17A+NK cells in Baltimore PM exposed lung samples from C57BL/6 strain, however, the difference did Male BALB/cJ mice were intranasally exposed to saline, CB, DEP, CFA or urban PM, 3 days a week for 2 weeks. 48 h after the last exposure, mice were sacrificed, and total BAL cells (A) were counted. Macrophages (B), Neutrophils (C) and Eosinophils (D) in the BAL fluid were enumerated by differential cell counting. (E) Bar graph showing relative percentage of macrophages, neutrophils and eosinophils in the control and treatment groups. Data represents means +SEM, and is pooled from 2 to 3 independent experiments (8-15 mice/group) pooled from 2 to 3 independent experiments. *compared to PBS. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. N. Gour et al. Environmental Research 161 (2018) [304] [305] [306] [307] [308] [309] [310] [311] [312] [313] not reach statistical significance ( Supplementary Fig. 4 ).
Urban PM triggers a unique pattern of monocytic and dendritic cell influx into the lungs
PM is well known to activate macrophages and dendritic cells after phagocytosis (Brugha et al., 2014; Matthews et al., 2016; Mukae et al., 2000; Porter et al., 2007; Provoost et al., 2010; Williams et al., 2007) . For this reason, we wanted to test whether PM could alter antigen presenting cell (APC) influx into the lungs (see Supplementary Fig. 6 for gating scheme). Notably, we did not detect increases in lung resident alveolar macrophages (CD11c+Siglec-F+) after any PM exposure ( Supplementary Fig. 7 ). We next looked at CD11b+ DCs (CD11b + CD11c + MHCII hi ), a strongly immunogenic DC subset. Exposure to CB, DEP and CFA had no effect on CD11b + DC recruitment, while NYC and Baltimore PM induced a significant accumulation of these DCs in the lungs from BALB/cJ (Fig. 3G ) and C57BL/6 strains of mice ( Supplementary Fig. 4 ). Likewise, we observed a significant increase in migratory CD103+ DCs (CD11b -/low CD11c + CD103 + ) after exposure to NYC and Baltimore PM as compared to CB, DEP and CFA (Fig. 3H) . These findings indicate that urban PMs are distinctive in their ability to recruit these important DC subsets. These findings further suggest that both CD11b+ and CD103+ DCs are critical for recruiting innate IL-17A-producing cells and Th17 cells (Scott et al., 2015; Zelante et al., 2015) , and that both NYC and Baltimore PM can lead to specific downstream effector responses because of their ability to recruit and activate these DC populations.
PM exposures drive differential epithelial-and APC-derived innate cytokines
Epithelial-and APC-derived innate cytokines are central in driving downstream Th1, Th2 and Th17 responses. As we observed that different urban PMs can preferentially induce adaptive T cell responses, we wanted to investigate whether these PMs trigger downstream polarized responses by altering innate cytokine production. Because epithelial-derived IL-25, TSLP and IL-33 are central in driving type 2 responses, we evaluated whether PM exposure modulated their expression. Our data demonstrates that while any particulate matter has little effect on Tslp (Fig. 4A) and Il25 (Fig. 4B ), CB and NYC PM only marginally increased Il33 mRNA as compared to PBS (Fig. 4C) . However, both DEP, CFA and Baltimore PM had no impact on Il33 expression (Fig. 4C) . These data suggest that PM may drive type 2 responses through the action of other innate mediators.
IL-17A is strongly induced by Baltimore PM and to a lesser extent by NYC PM, and accordingly, mice exposed to Baltimore PM have the highest levels of PM-induced Il23a (Fig. 4D) and Il1b (Fig. 4E) , two DCderived cytokines required for the production of IL-17A-producing lymphocytes. CB induces minimal IL-17A secretion, and we find that only CB upregulates Il23a or Il1b transcription, but FA and DEP have no Fig. 2 . PM-driven effector cytokines. Single cell suspension from PM-exposed male BALB/cJ mice were stimulated with concanavalin A (con A) for 3 days and levels of IL-5 (A), IL-13 (B), IFNγ (C) and IL-17A (D) levels in the supernatants were determined by ELISA. Data represents means+SEM, and is pooled from 2 to 3 independent experiments (10 mice/group). *compared to PBS. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Fig. 3 . Identification of cytokine-producing cells and antigen-presenting cell profile in the lungs of PM-exposed mice. Single cell suspension from PM-exposed mice were analyzed by flow cytometry for total CD3+CD4+ T cells (A), IFNγ+CD4+ T cells (B), and IL-17A+CD4+ T cells (C), total NK cells (CD3-NK1.1+) (D), (IFNγ+ NK (E) and IL-17A+NK (F). Numbers of CD11b+ DCs (G), and CD103+ migratory DCs (H). Data represents means + SEM, pooled from 2 independent experiments (10 mice/group). *compared to PBS. *p < 0.05, ****p < 0.0001. N. Gour et al. Environmental Research 161 (2018) 304-313 apparent effect on Il23a or Il1b mRNA in the lungs (Fig. 4D, E) . This observation suggests the presence of components within NYC and Baltimore PM that directly activate dendritic cells to produce both IL-23 and IL-1β. Although our data shows that PM can induce IFNγ we did not detect PM-mediated induction of Il12a (Fig. 4F) , the prototypical DCproduced cytokine that drives Th1 responses, suggesting that either, a) timing of IL-12 production occurs earlier and was not captured by our data, or b) that other IL-12-independent pathways lead to Th1 differentiation in PM-exposed mice (Skokos and Nussenzweig, 2007; Xing et al., 2000) .
Exposure to urban PM induces mucus production and airway hyperresponsiveness (AHR) in the mice
We next assessed PM-induced chronic inflammation and mucus production, both hallmark features of allergic airway inflammation. We find that consistent with increasing eosinophils and Th2 cytokines in lungs, exposure to Baltimore and NYC PM uniquely caused increases in the numbers of airways containing PAS+ mucus cells as well as numbers of PAS+ cells in each airway (Fig. 5A-G) . Interestingly, exposure to CB, CFA or DEP did not induce mucus secretion in the lungs as indicated by absence of PAS+ cells. Assessment of pathologic changes in the lungs revealed acute peri-bronchial and alveolar inflammation with a size range of > 50-100 µm in the urban PM exposed group with Baltimore PM inducing more potent pathologic response and exhibiting maximum inflammation score of 4 compared to the NYC PM (Inflammation score 3) (Fig. 5H ) and inflammation scores that were not significantly different from saline treated controls for animals exposed to CB, CFA or DEP (Fig. 5H) . Consistent with this scoring of PAS staining, we observe that urban PM induces robust expression of Muc5ac mRNA (mRNA coding for a glycoprotein of mucus) as well as markers of alternatively activated macrophages (M2) like Arginase1 (Arg1) and Ym1 (Fig. 6A-C) . Similar to our findings with BALB/cJ mice, urban PM also induced the expression of Muc5ac, Arg1 and Ym1 mRNAs in the lungs of C57BL/6 mice ( Supplementary Fig. 2 ). Finally, we determined whether urban PM could also drive AHR and observed that both NYC and Baltimore PMs could induce AHR to cholinergic agonist stimulation (Fig. 6D) . These data thus provide novel evidence that exposure to urban PM can specifically promote the development of Th2 and Th17 responses, mucus metaplasia and AHR whereas exposure to components of urban PM such as CB, FA and DEP are not able to drive allergic airway inflammation.
Discussion
In this study, we sought to compare immunological responses in lungs exposed to equal mass of urban PM from various sources and to surrogate PM particles, including CB, DEP and CFA. Consistent with other studies (Saunders et al., 2010; Walters et al., 2001 Walters et al., , 2002 , our findings indicate that urban PM exposure is notable for causing substantial airway inflammation and impaired lung function (Fig. 7) . Specifically, we found that short term exposure to PMs collected from New York and Baltimore cities trigger a mixed Th2/Th17 response accompanied by eosinophilic and neutrophilic influx, mucus production and airway hyperresponsiveness. Although the immune profiles in lungs exposed to PMs from the different urban sources are similar, we noted compelling differences in the potencies of PMs from these sources, with Baltimore PM inducing more robust airway inflammation, AHR, and Th2 cytokine production.
Previous reports have focused on the immunobiological activity of single sources of PM, and found that they drive mostly mixed immune responses. A recent report shows that industrial PM collected at various sites display significantly different toxicities (Thomson et al., 2016) , suggesting that various PM may drive pathology through different pathways. Nevertheless, it remains unclear whether exposure to different sources of PM, like carbon black, FA, DEP and urban-collected PMs, will drive distinct immunological outcomes. Our findings demonstrate that while urban PMs promote manifestations of allergic asthma characterized by mixed immune responses, major constituents of urban PM like CB, FA and DEP, on their own, cannot recapitulate these pathological effects.
Carbon is one of the unifying components of all PM, and for this reason carbon black is often used to study the biological effect of particles. We investigated the role of carbon particles in driving manifestations of airway inflammation, and found that consistent with others (Gilmour et al., 2004; Renwick et al., 2004; Saputra et al., 2014; Shwe et al., 2005; Zhang et al., 2014) , it can drive inflammatory cell influx, primarily neutrophils, and induce some cytokines like IL-5 and IFNγ however these effects were minimal compared to urban PM. This suggests that the biological effects of city-collected PM are directly related to its complex composition. It is thought that particulate matter can adsorb various biologically active components like metals, organic compounds, hydrocarbons, but it remains unclear the identity of the chemical or biological entities within urban PM that drive lung inflammation.
Among the various components of PM, it is thought that metals are particularly toxic and likely to drive some of the inflammatory and deleterious effects of PM exposure (Chen and Lippmann, 2009 ). Initial   Fig. 4 . Levels of innate mediators in lung exposed to PM. Transcript levels of Tslp (A), Il25 (B), Il33 (C), Il23a (D) Il1b (E) and Il12a (F) were determined in whole lung by RT-PCR. Data represents means+SEM, pooled from 2 independent experiments (10 mice/group). *compared to PBS. *p < 0.05, **p < 0.01, ****p < 0.0001. N. Gour et al. Environmental Research 161 (2018) 304-313 assessment of the metal composition of PM reveals some profound differences between NYC and Baltimore PM for the majority of the metals. In fact, several metals were in higher concentrations in Baltimore versus NYC PM, and may help explain the enhanced potency of Baltimore PM in driving some manifestations of airway inflammation. The higher zinc content of Baltimore PM, compared to that of NYC PM, could help explain why Baltimore PM can induces more eosinophils than NYC PM. Chronic airway exposure of zinc nanoparticles into rats and mice, as opposed to nickel or copper nanoparticles, lead to a significant accumulation of eosinophils in the BAL (Cho et al., 2012; Roy et al., 2014) . However, in contrast to zinc or copper, chronic nickel exposure resulted in neutrophilia (Cho et al., 2012) , and consistent with this, all PM (NYC and Baltimore) have comparable nickel content and thus drive neutrophilic influx. Interestingly, nickel strongly activates TLR4 in humans, resulting in IL-8 production, a potent neutrophil chemoattractant (Schmidt et al., 2010) . In addition, metals like cadmium and aluminum, which are elevated in Baltimore PM as compared to NYC PM, are known to drive significant lung inflammation associated with greater cellular influx and the production of pro-inflammatory cytokines like IFNγ and TNFα, (Blum et al., 2014; Kirschvink et al., 2006) and decrements in lung function (MazzoliRocha et al., 2010) . On its own, airway exposure to arsenic in mice does not lead to significant accumulation of neutrophils or pro-inflammatory cytokines and induces only marginal macrophage accumulation, however, it significantly exacerbates the recruitment of inflammatory cells and the production of inflammatory mediators (Kozul et al., 2009; Ramsey et al., 2013) in mice infected with influenza. Conversely, in the context of allergic airway inflammation to ovalbumin, exposure to arsenic trioxide significantly reduces airway inflammation (Chu et al., 2010; Zhou et al., 2006) . These seemingly conflicting findings suggest that the role of arsenic in the lungs may depend on the pre-existing immune microenvironment. One plausible explanation for greater metal content and robust immunotoxicological effects of Baltimore PM relative to NYC PM is that Baltimore PM collection site is located close to an industrial area whereas NYC PM was collected in a residential area of the city. Furthermore, NYC PM was collected over a period that included the winter holidays and traffic and industrial emissions could have been lower in that time. More importantly, although Baltimore PM is enriched in metals, its overall metal content is comparable to urban PM NIST 1648a (Mitkus et al., 2013) . To conclude, similar to urban PM, CFA and DEP also contain metals although mostly in the oxidized form, induced early neutrophil accumulation but failed to recruit eosinophils into the lungs suggesting that metal composition and content of CFA and DEP may not be enough to drive eosinophilic influx. (Huggins et al., 2000; Miyabara et al., 1998; Takano et al., 1998) .
Besides metals, PMs are rich in polyaromatic hydrocarbons (PAH), and traffic emissions are the major contributor to PAH exposure (Dubowsky et al., 1999) . PAH are recognized by the aryl hydrocarbon receptor (AhR) and this drives Th17 responses (Quintana et al., 2010; Veldhoen et al., 2008) . Responsiveness to PAHs has been shown to be important for PM-induced Th17 responses van Voorhis et al., 2013) . Surprisingly, CFA and DEP which contain various PAHs (Bergvall and Westerholm, 2008; Rohr et al., 2015) , induced little to no IL-17A in the lungs, suggesting that these PAH varieties may not be sufficient to drive Th17 responses.
In addition to carrying chemical toxins, urban PM is known to contain biological contaminants of fungal and bacterial origin (Dong et al., 1996; Frohlich-Nowoisky et al., 2009; Gilmour et al., 2007; Morakinyo et al., 2016; Mueller-Anneling et al., 2004; Soukup and Becker, 2001; Yan et al., 2016) . These microbial products are strong activators of dendritic cells, and result in the production of IL-23 and IL-1β that drive IL-17A-dominated downstream responses (Mann et al., 2017; Matthews et al., 2016) . Recognition of these microbial moieties in urban PM could explain its potent Th17-driving effects. Interestingly, the dose of exposure to these biological contaminants can skew immune activation. While larger doses of endotoxins predominantly drives Th1 and Th17 responses (Chapman et al., 2013; Eisenbarth et al., 2002) , contact with low doses of endotoxins favor type 2 inflammation (Eisenbarth et al., 2002) . Indeed, some sources of urban PM contain small quantities of endotoxins and this could drive Th2 responses, nonetheless it remains unclear what constituent of urban PM may favor Th2 inflammation. Our data, and that of others (Saunders et al., 2010; Walters et al., 2001) show that the pro-Th2 effect of urban PM is clear, however, analysis of the Th2-skewing innate cytokines, IL-33, IL-25 and TSLP, revealed PMs had little to no effect on their expression. These data suggest that other PM-driven innate mediators, which have been shown to be induced by PM, like C3 (Walters et al., 2002) , IL-1α (Watterson et al., 2012; Campbell et al., 2005) or GM-CSF (Ohta et al., 1999) , could contribute to the development of PM-dependent Th2 Scoring was done using the following criteria: 0, no inflammation; 1+, peri-bronchial lymphocytic inflammation, size < 20 µm; 2+, peri-bronchial lymphocytic inflammation, size < 50 µm; 3+, peri-bronchial and alveolar inflammation, size < 100 µm; 4+, peribronchial and alveolar inflammation, size > 100 µm. Data represents means +SEM and representative of 2 independent experiments (n = 5 mice/group) data represents means +SEM and is representative of 2 independent experiment (n=5-6 mice/ group). *compared to PBS. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. N. Gour et al. Environmental Research 161 (2018) 304-313 responses.
Conclusions
In summary, our data establishes that the airway inflammatory effects of urban PM cannot be truly recapitulated by components of PM like CB, CFA and DEP alone and suggests the possibility that unidentified chemical or biological components of urban PM drive pathological immune responses in the lungs. Specifically, exposure to urban PM leads to a unique Th2/Th17 responses, not seen with either CB, CFA or DEP, possibly explaining the unique ability of urban PM to drive major manifestations of allergic airway disease. 24-36 h after the last exposure, AHR was measured. Data represents means+SEM and representative of 2 independent experiments (8-15 mice/group). *compared to PBS. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Fig. 7 . Schematic diagram of research hypothesis, design and observations. CB, carbon black; DEP, diesel exhaust particle; CFA, coal fly ash; PAH, polyaromatic hydrocarbon; AHR, airway hyperresponsiveness.
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